This study explores a new method to maximise the visible-light driven photocatalytic performance of organic-inorganic hybrid polyoxometalates (POMs). Experimental and theoretical investigations of a family of phosphonate substituted POMs shows that modification of grafted organic moieties can be used to tune the electronic structure and photo-activity of the metal oxide component. Unlike fully inorganic polyoxotungstates, these organic-inorganic hybrid species are responsive to visible-light and function as photocatalysts ( > 420 nm) in the decomposition of a model environmental pollutant. The degree of photo-activation is shown to be dependent on the nature of the inductive effect exerted by the covalently-grafted substituent groups. This study emphasises the untapped potential that lies in an orbital engineering approach to hybrid-POM design and helps to underpin the next generation of bespoke, robust and costeffective molecular metal oxide photo-active materials and catalysts.
INTRODUCTION
The effective use of solar energy to drive commercially important and/or challenging reactions and processes has long been a key target in chemical research, with potential applications ranging from selective organic transformations [1] [2] [3] to the widespread, sustainable generation of carbon-neutral 'solar fuels'. 4, 5 Whilst much of this effort has traditionally involved the use of heterogeneous, solid-state semiconducting materials such as titanium and tungsten oxides, [6] [7] [8] molecular photocatalysts have become increasingly attractive due to their versatility, homogeneity and tuneable properties. [9] [10] [11] [12] Here, we show how a modular design approach to the light sensitive hybrid-POMs that can exhibit intra-molecular charge transfer from the photoactive antennae to the inorganic POM core. [33] [34] [35] POM photochemistry can therefore be grouped into two branches: (i) excitation of the POM LMCT band to yield the oxo radical, and (ii) photodriven intramolecular 'exo'-charge transfer from covalently grafted chromophores. Each photoinduced charge transfer process proceeds via contrasting mechanisms and can thus be expected to show very different reactivities. Whilst the latter has proven effective in applications which rely on charge accumulation on, and/or electron transfer from the POM (such as hydrogen evolution), [36] [37] [38] [39] it circumvents formation of the highly oxidizing oxo-radical on the metal-oxide shell (which generally remains accessible only under UV irradiation). Existing hybridization approaches to photo-activation therefore preclude the use of POMs as powerful visible light driven photo-oxidation catalysts and new approaches to the direct photosensitization of the POM core are therefore an attractive ongoing goal.
Recently, we reported that hybridization of a Wells-Dawson-type POM with organophosphonate moieties could be used to directly photo-activate the POM, as demonstrated in the visible-light driven oxidative decomposition of a model environmental pollutant. 40 Analysis of the resulting organic-inorganic hybrid cluster: K6[P2W17O61(P(=O)C6H5CO2H)2] (1) (Figure 1 ), suggested that grafting of the organophosphonate groups onto the POM was an effective means to alter both the electrochemical properties and photochemical reactivity of the POM core. We postulated that the charge density on the metal-oxide shell is lowered as a result of the hybridization, modulating the energies of the frontier orbitals associated with the key photo-excitation and 1 st reduction processes. Here, we explore the nature of this phenomena by modifying the electronic character of appended ligand groups demonstrate how this hybridization strategy allows the visible light photo-activity of POMs to be both accessed and, uniquely, show that it can be systematically tuned, providing a new path towards the application of metal-oxide clusters in next generation solar-fuel and photochemical technologies.
EXPERIMENTAL SECTION

Synthesis and Materials
All reagents were obtained from commercial sources and were used without further purification. 
Single Crystal X-Ray Diffraction Measurements
SC-XRD measurements were performed on a Bruker SMART Apex II CCD diffractometer with Mo-Kα radiation (λ = 0.71073 Å). In each case, a suitable single crystal was removed from the mother liquor and mounted in Paratone® oil on a glass fibre and measured at 100 K under a stream of dry N2. Structures were solved by direct methods and refined by a full-matrix leastsquares technique on F 2 using SHELLXTL. 43 For compound 2, the PLATON SQUEEZE protocol was used to account for unassigned electron density in the crystal lattice associated with disordered solvent molecules which could not be modeled as discrete atomic positions. 44 Approximately 33.3 % of the unit cell volume comprises a large region of disordered solvent that could not be modeled as discrete atomic sites.
SQUEEZE estimated a total count of 848.5 electrons per unit cell which were assigned to 2.5 K cations, 9 water and 1.5 DMA molecules per cluster unit.
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For compound 3, approximately 30.0 % of the unit cell volume comprises a large region of disordered solvent that could not be modeled as discrete atomic sites. SQUEEZE estimated a total count of 344.5 electrons per unit cell which were assigned to 4 K cations, 0.5 water and 1.5 DMA molecules per cluster.
Computational Details
The geometries of compounds 1-4 were optimized using density functional theory (DFT) with the BP86 functional 45, 46 and LANL2DZ basis set / pseudopotential. 47 Solvation effects were accounted for using the polarizable continuum model (PCM), with standard van der Waals' radii for all atoms from Q-Chem, except W, for which a VDW radius of 2.1 Angstrom wa employed.
Energetics were further refined using the SRSC basis set / pseudopotential. 48 Time-dependent DFT (TDDFT) calculations were performed with the same functional, basis set and solvation parameters. All calculations were performed with the Q-Chem software. 49 
Analytical Methods
Full details of all experimental methods and additional characterization can be found in the accompanying supplementary information.
RESULTS AND DISCUSSION
Computational Screening of the Initial Concept
Qualitative in silico screening was used to efficiently explore our initial concept of tuning the electronic properties of the POM via modification of ligand effects. Preliminary calculations These calculations also show that the frontier energy levels in all three hybrid complexes have significantly mixed orbital character between the ligand and POM core, where the highest energy occupied states are generally ligand-centered. As a result, the HLgap energies reported in Figure 2 do not represent the 'true' (i.e. HOMO to LUMO) transition energy but rather the transition between the highest energy HOMO state containing an appreciable degree of POM-centered orbital character (HOMOPOM, which is found at the HOMO, HOMO-2 and HOMO-3 levels in the case of compounds 1-3, respectively). (details are given in the SI). The transition energies were calculated using time-dependent density functional theory (TDDFT), which indicated that several closely spaced transitions contribute to the convoluted broad LMCT band observed in the experimental absorption spectra. Localized π  π * transitions have an oscillator strength two to three orders of magnitude larger than the POM-centered O  W LMCT transitions, and thus we can differentiate between organic-centered and POM-centered transitions based on the oscillator strength. 52 This is significant because, as discussed above, the optical transition of interest is the exclusively POM-centered O  W LMCT band (corresponding to charge transfer from the 2p orbitals on the terminal oxo-groups to the vacant 5d orbitals on the addenda W atoms). Based on our previous findings, 40 intramolecular charge transfer from the ligand groups to the POM core is not expected to occur in these compounds.
These results therefore strongly suggest that ligand character can be used to directly modify the frontier orbital energies of the hybrid POM complex and thus alter its electrochemical and photochemical reactivity. As a result, the calculated trend in LUMO energies could subsequently be validated experimentally (see below) and has clear implications in the targeted molecular design of the next generation of (photo)catalytically active POMs.
Synthesis and Characterization of Hybrid Polyoxometalates
Following theoretical validation of the hypothesis that ligand substituent effects could be translated to the electronic structure of molecular metal oxides, we proceeded with the synthesis of hybrid POM complexes 2 and 3. Both compounds were synthesized in good yield following the previously reported approach in the analogous synthesis of compound 1. Single crystal X-ray diffraction studies revealed that both compounds crystallize in the triclinic crystal system with space group P-1. All three hybrid-POM clusters effectively share the same structural motif, where two organophosphonate ligands occupy the lacunary site in the vacant cap position of the oxoanion. These are orientated such that the organic components protrude from the metal oxide core in opposing directions whilst the terminal P=O positions are aligned to form a bis-phosphonate moiety which associates with a K + ion in the crystal structures of both 2 and 3. The composition of 2 and 3 was confirmed by elemental analyses, FTIR, ESI-MS, 1 H and 31 P NMR (full details can be found in the experimental section and accompanying SI).
Spectroscopic and Electrochemical Analysis
Based on the qualitative DFT calculations above, it can be expected that both the electrochemical and the optical properties of the hybridized clusters should be altered (through tuning of the LUMO energy and the magnitude of the HLgap, respectively). In practice, we have previously found that it is difficult to correlate the simulated characteristics of the POMs with their measured absorption spectra. This is likely due to the complex optical behavior of these species, as evidenced by the very broad UV absorption bands which correspond to the characteristic O  W LMCT transitions (see discussion above). Here, whilst the spectrum of compounds 1-3 show unique features in the UV region below 350 nm ( Figure S10 ), the absorption tail of these hybrids extending into the visible region of the spectra is found to be broadly similar, both to each other 14 and to the parent {P2W18} anion. It is therefore difficult to ascribe any significance to ligandmediated effects in such experiments. One minor exception is the notable red-shift observed above ca. 370 nm in the methoxy-functionalized hybrid, 3, which may arise from overlapping, lower energy ligandligand transitions (note the anomalously high energy, ligand methoxycentered HOMO state in Figures 2 and S7 ).
Whilst the absorption characteristics of these hybrid POM species are therefore not expected to be particularly diagnostic of their effectiveness as photocatalysts (other than to say that all hybrids show moderate absorption in the high-energy region of the visible spectrum), our previous work suggests that their electrochemical properties can provide an effective measure of their overall performance as photocatalysts. Note that whilst the electrochemical effects of grafting organic groups onto the structure of polyoxometalates is relatively well-established (leading to positive redox shifts of up to 500 mV over their parent compounds), 53, 54 this is generally limited to a broad comparison between the anchoring main group elements present (i.e. P or Si) rather than the nature of the organic component itself. This report is therefore the first example, of which we are aware, where a systematic study has been performed on the effects that the electronic character of the ligand alone can exert directly over the metal-oxide core.
Cyclic voltammetry (CV) was performed on compounds 2 and 3 in dry DMF under a positive pressure of N2 and the results were compared to those previously reported for 1. In both cases, three quasi-reversible redox couples, each corresponding to one-electron W VI /W V processes, were observed in the potential range of 0.5 to -1.3 V, which agrees well with that observed for 1 ( Figure 3a , Table 1 respectively. Differential pulsed voltammetry (DPV) experiments also confirm that the first reduction wave of each hybrid is shifted towards increasingly negative potentials on moving from 1 to 3 (Figure 3b ). This trend correlates strongly with our hypothesis that the LUMO of the metal-oxide core should be destabilized upon increasing the electron-donating character of the para-substituent group and shows, unambiguously, that the nature of the appended ligand group can thus be used as a synthetic tool to tune the physical properties of the POM core. 
Modified Substituent Effects in a Phosphonic-acid Substituted POM
As an extension of this study, we turned our attention to the exploration of a fourth compound,
K6[P2W17O61(P(=O)H)2] (4)
, where the organophosphonate moiety has been replaced by purely inorganic phosphonic acid groups. In this case, the ligand group is expected to exert an electron withdrawing/inductive effect on the POM core but minimal resonance effects in the absence of an aromatic component, allowing us to develop a clearer idea of the electronic factors most important to the control of the POM's photocatalytic properties.
Compound 4 was synthesized using the same method as described for 2 and 3 above and, whilst it was not possible to isolate single crystals suitable for structural analysis, 4 was unambiguously characterized by elemental analysis, ESI-MS, 1 H and 31 P NMR. This analysis reveals that 4 can be considered an all-inorganic structural analogue of the hybrid clusters 1-3.
The UV-vis absorption characteristics of 4 are broadly in-line with that reported for compounds 1-3 and {P2W18} as discussed above (see SI) and indicate that 4 is also able to absorb light in the high energy region of the visible spectrum ( < 450 nm). Cyclic voltammetry of 4 performed in dry DMF under an atmosphere of N2 showed three quasi-reversible redox waves in the potential range of 0.5 to -1.3 V, indicating the same electrochemical behavior as discussed above for compounds 1-3 (Figure 3 and S14). In the case of compound 4 however, a substantial positive shift in the potential of the first redox couple was observed, with an E1/2 value of -212 mV vs. SCE (in comparison to a value of -254 mV in 1, for instance). As before, DPV analysis supports that the first reduction of 4 occurs at more positive potentials than the same processes in compounds 1-3 ( Figure 3b ). This is particularly significant given that previous results suggest that the increasingly negative potentials observed on moving from compound 1 to 3 in the results reported above are expected to adversely impact the photocatalytic properties of these hybrid POM species.
Supporting DFT calculations of the frontier energy levels in 4 confirm that the LUMO stabilizing inductive effect of the ligand group is retained by the phosphonic acid moieties, however the HOMO destabilizing resonance effects are absent ( Figure S4 ). As a result, whilst the LUMO level is stabilized relative to {P2W18} and is found at a similar energy to that of compound 1, the HOMO energy in 4 is also much lower lying than that of the hybrid complexes (1, 2, and 3) and is more comparable to that found in {P2W18}. In addition, the orbital character observed in compound 4, whist still mixed between the phosphonate and POM, is much more strongly localized on the metal-oxide shell than is the case for compounds 1-3 (see Fig S5-8) , which show significant contribution from the ligand groups in the HOMO-n levels. Whilst the HLgap in 4 is theoretically larger than that observed in compounds 1-3, experimentally this is shown to have a negligible effect on the absorption 'tail' of the cluster into the visible region of the spectrum (between 400 -450 nm). Taken together, these results indicate that 4 should be a promising compound for further study in photocatalytic experiments.
Solution Stability and Hydrolysis Behavior
Prior to a comparison of the photocatalytic properties of 1-4, it was important to address longstanding questions about the stability of organophosphonate POMs in solution (particularly in relation to the ease with which the P-O bonds in these systems may be hydrolyzed in the presence of water). 55 The stability of compounds 1-4 was studied using comprehensive 31 P NMR analysis, the results of which are presented in the SI. In the case of compounds 1-3, and in agreement with our previous findings, 56 31 P NMR spectra show no decomposition after 24 hours in both DMSO-d6 and D2O, indicating good stability in both solvents.
In the case of compound 4 however, a more complicated behaviour emerges in the presence of water/D2O. Whilst the 31 P NMR of 4 measured in DMSO-d6 shows the same behaviour as described above for 1-3, identical measurements performed after 24 hours in D2O show the formation of new peaks in the regions of the spectrum corresponding to both the ligand and POM-templating phosphorous nuclei ( Figure S19 ). Both observations show that the phosphonate groups on 4 are being gradually hydrolyzed, producing free phosphonic acid and leading to the conversion of the lacunary {P2W17} cluster into the more thermodynamically stable {P2W18} species (possibly aided by the liberation of acidic protons from free phosphonic acid). 31 
Photocatalytic Properties
Given the results described above, we were interested to explore the comparative effectiveness of constants extracted from the data measured at  > 420 nm show that each species is capable of the catalytic decomposition of the dye substrate, whereby the reaction rate follows the order: 4 > 1 > 2 > 3 > {P2W18} and is comparable to that observed for molecular cerium vanadium oxide clusters. 58 These observations are replicated in the measurements performed at  > 390 nm, where the trend holds, and the stronger absorption of the POM O  W LMCT band at lower wavelengths leads to faster rates of indigo oxidation for all five of the POM species (Table 2) .
Operating under the reasonable assumption that 2 and 3 are directly comparable with compound 1, the stability of the hybrid organophosphonate substituted POMs under turnover conditions has been previously confirmed. 40 In the case of the demonstrably more labile These measurements highlight a clear trend which correlates remarkably strongly with the theoretical and electrochemical observations presented above. In the first instance, the systematic 'orbital engineering' strategy we propose here is fully experimentally validated, where the rate of indigo oxidation is exactly as expected based on the strength of the electron-withdrawing character of the para-substituent (i.e. 1 (-COOH) > 2 (-H) > 3 (-OCH3)). Table 1 ) and the logarithm of the rate of indigo oxidation ( > 420 nm) (as taken from Figure 4 , above).
In the second instance, the superior photocatalytic properties of 4 can be explained in large part by its more positive first redox potential, arising as a result of the inductive stabilization of the LUMO level by complexation of the POM core with electron-withdrawing phosphonic acid moieties. Whilst the corresponding destabilization of the HOMO level via resonance effects is not observed due to the lack of aromaticity in 4, it is interesting to note that this is not found to be detrimental to its photocatalytic performance.
In addition, it is revealing that the rate constants described above show a linear relationship Uniquely, this strategy allows the inherent photochemistry of the POM core to be addressed directly and facilitates the generation of catalytically active oxo-centred radicals on the metaloxide shell using irradiation with visible light. This differs significantly from previous approaches which rely on the use of secondary chromophore species to facilitate inter-or intramolecular charge-transfer to the POM core rather than the generation of a reactive chargeseparated state on it. This feature therefore potentially opens the door to a wide range of new visible-light driven oxidation and hydrogen-transfer reactivity in tungsten-based hybrid systems.
Furthermore, we also note that functionalization with phosphonate moieties is shown to result in robust complexes which have been demonstrated to be stable in both organic and aqueous media and, crucially, during catalytic turnover conditions. We propose that this new orbital engineering strategy should therefore have significant implications for the design and optimization of a new class of visible-light driven hybrid-POM photocatalysts. Given the enormous future potential for additional ligand design, control of supramolecular interactions and cluster optimization, we believe this broadly applicable strategy should lead to significant advances in the generation of novel POM-based photo-active materials.
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